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A detailed modified mathematical model for particle
size distribution in isothermal batch emulsion polymerization
of Styrene and Vinyl acetate is proposed on the basis of the
population balance approach in presence of several kinetic
and mass transfer processes. This study is limited to SmithEwart's case II, which assumes instantaneous free radical
termination within the polymer particles. Radical desorption mechanism from polymer particles is included in the
model and the desorption rate is formulated from the diffusion theory which suggests that the rate co-efficient should
be inversely proportional to the surface area of polymer
particles.
Experimental runs are made using laser light scattering
equipment to measure particle size distributions and are
compared with the predicted results from the model proposed.
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CHAPTER I
INTRODUCTION

Emulsion polymerization is one of the four major techniques of polymerization. Here the monomer is emulsified in
a medium, generally water, with the aid of an emulsifying
agent such as soaps, alkyl sulfonates, etc. The monomer is
thus present entirely as emulsion droplets dispersed in a
continuous phase. It was at one time supposed that polymerization took place within the emulsion droplets, & it was for
this reason that the term emulsion polymerization was applied
to this type of polymerization. Although we now know that
the emulsion droplets play only a minor role in the polymerization, the name has neverthless been retained. This seems
justifiable considering that the emulsifier stabilizes the
latex, which has some properties of an emulsion.
The emulsion polymerization systems are thought to be a
dispersion of soap micelles, polymer particles & monomer
droplets in an aqueous medium.
In an emulsion polymerization system there are four
basic components:
The Dispersion Medium: It is inert to the monomer & the
conventional dispersing medium is water. This is for two
reasons: (a) Most monomers are soluble in most other (organic) solvents which are of sufficiently low molecular weight
to permit recovery by distillation; (b) water is cheap &
non-hazardous. In low temperature recipes mixtures of water
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& methanol are used.
The Dispersed Phase: It comprises the polymerizable material. This phase may be a single monomer or a mixture of
monomers, comonomers,etc. With mixtures, co-polymers are
obtained.
The Emulsifying Agent: Since most emulsion polymerization
systems are carried out with simple agitation, the interfacial tensions between the monomer phase & the water phase
must be reduced cosiderably to produce stable emulsions.
Often the choice of the emulsifying agents is a critical
one, because sometimes, even if excellent emulsification is
obtained, the rates of polymerization & the polymers obtained may vary rather greatly with a series of emulsifying
agents. Typical emulsifying agents that may be mentioned are
the sodium, potassium, ammonium, & alkyl ammonium salts of
the long chain carboxylic, sulfinic, & sulfonic acids; the
alkylated aromatic sulfonic acids, etc. In conjunction with
emulsifying agents, surface tension regulators, protective
colloids, & buffers are often used. Though not essential to
all emulsion polymerization, they lend uniformity & control
to such processes.
The Initiator: Its function is to accelerate the rate
of polymerization. In emulsions the initiator decreases the
molecular weight of the polymer although it increases the
rate of polymerization. Water-soluble initiators are preferred in emulsion systems, but water-insoluble initiators may

be used either alone or in conjunction with the watersoluble ones. Some initiators such as ammonium persulfate may
also act as emulsifying agents. The vinyl acetate - water &
ammonium persulfate system produces excellent emulsions in
the abscence of added emulsifying agents. Many emulsion
systems polymerize readily without catalyst, though it is an
economic advantage to use 0.05 to 1.0% of catalyst.
Some of the inherent advantages & disadvantages of
emulsion polymerization are readily apparent. Heat transfer
presents no problems since the viscosity of the emulsion
remains low during the change to latex. The combination of
highly effective surface active agents, very mild agitation,
and the small size of the polymer particles minimizes the
tendency of the particles to coalesce, so that, in contrast
to suspension polymerization, the emulsion polymerization
technique is suitable for the production of sticky, rubbery
polymers. The product is a latex, which is suitable for many
direct applications. On the other hand, if the solid polymer
is desired, it must be expected that contamination with the
surface active agents & the other water soluble ingredients
will be particularly serious owing to the extremely high
surface area of very small particles. This is a definite
drawback, for example, in the production of polystyrene for
molding, where clarity is desired, or in the production of
polyvinyl chloride for electrical insulating materials,
where traces of soaps, salts, or water would adversely
affect the dielctric properties.
One of the principal advantage of emulsion polymeriza3

tion, which greatly stimulated industrial interest in this
technique long before a satisfactory explanation was advanced, is the possibility of forming a polymer of high molecular weight at a very high rate of polymerization.
Some other advantages of emulsion polymerization are:
(1) Greater uniformity of end product from batch to batch
than can be obtained in mass polymerization.
(2) Abscence of organic solvents that may be inflammable or
toxic. At any rate, they are more expensive than water,
& many of the synthetic latices may be used without
addittion of organic solvents.
(3) Many monomers that copolymerize poorly in mass, copolymerize readily in emulsion.
(4) In many instances emulsion polymerization reduces the
degree of undesirable side reactions. Less branching
is found in vinyl polymers thus prepared, and, as a
rule, the molecular weight is higher.
In the final form the emulsion usually has the appearence of a milk like latex, though often transluscent & transperent emulsions are obtained. The particle sizes of the
dispersed polymers in commercial emulsion range from 0.1
microns ( 100 millimicrons) to 0.5 microns. The emulsion
may be precipitated by electrolytes such as aluminium sulfate solutions & sodium chloridesulfuric acid solutions, or
by organic substances which are soluble in the dispersing
phase but non solvents for the polymer.
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CHAPTER II
LITERATURE SURVEY

The conceptual picture of emulsion polymerization was
first set down by Harkins in 1947 [1]. For particle nucleation and subsequent growth, the micelle, swollen with monomer, always acted as a locus and it also helped soap in
stabilizing the growing polymer particles. Harkins further
suggested that if a micelle fails to give birth to a polymer
particle, the micelle is eventually absorbed by other growing particles. The monomer droplets serves as reservoirs
and supply monomer by diffusion to growing particles. Smith
& Ewart established a mathematical description on the basis
of the conceptual picture drawn by Harkins [2]. They developed a steady state recurssion relation which described the
transfer of free radicals between the water phase and the
polymer particles. They also discussed the kinetics of free
radical reactions in an isolated loci assuming that the free
radicals are supplied to the loci from an external source.
Their recurssion relation allowed radicals to be absorbed by
polymer particles to initiate polymer growth, terminate
within the particles, and desorb from the polymer particles.
Smith & Ewart cosidered three interesting cases:(i) that in
which the average number of free radicals per locus is small
compared with unity, (ii) that in which this number approximates one-half, and (iii) that in which the number is large.
Their most widely discussed case is the second one, in which
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the free radicals per locus approximates one-half, since it
explains very neatly the characteristics of styrene emulsion
polymerization. For this case, Smith & Ewart concluded that
the avarage rate of reaction per locus is independent of the
size of the locus, as this rate is simply one-half the rate
of polymerization of a single free radical.
Smith-Ewart's steady state recursion relation was successfully solved analytically by Stockmayer [3] using a
generating function, except the mistake done in solution,
which involved desorption. The work done by Stokmayer was
revised and corrected by O'Toole who furnished a general
solution [4]. The steady state recurssion relation of Smith
& Ewart was further modified which included the effects of
rate of desorption on rate of absorption and the results of
a numerical solution to this modified relation were published by Ugelstad et al [5]. Realizing the fact that a batch
reactor is never at "steady state", the time derivative term
was maintained by Gardon in his solution [6], whose results
showed least deviations from those of Stokmayer. The population balance approach could be used to model batch emulsion processes, was proposed by Sundberg [7] whose model
determined transient particle size distributions, ignoring
the desorption mechanism, & also successfully predicted the
molecular weight distributions.
Funderburk [8] and Stevens and Funderburk [9] demonstrated the use of a population balance as a mathematical
accounting of the free radicals. They were to able to
predict the overall size distributions, but their model
6

required the integration of a ratio of modified Bessel
functions prior to the solution of their population balance
model. Their model did not include the desorption of radicals from the polymer particles.
In a series of articles, DeGraff and Poehlin [10-12]
were able to incorporate residence time distributions into
Stockmayer's model for a continuous stirred tank reactor.
Their model was similar to Funderburk's and necessitated
evaluation of similar integrals. The desorption mechanism
was not included.
Thompson and Stevens [13] were able to include free
radical desorption, as well as finite termination rates, in
the population balance approach for a CSTR. Their model
incorporated a modified Smith-Ewart recurssion relation to
describe free radical transfer mechanism and a size
independent particle growth rate constant. The model was
capable of generating particle size distributions. The
evaluation of complicated integrals of modofied Bessels
function was not required to use the model. Solutions to
this model were generated numerically.
Recently, Lin & Lu [14], modified the population balance
approach and included free radical desorption for emulsion
polymerization in a CSTR.
Not much modelling has been done for a isothermal batch
reactor using population balance approach.

7

CHAPTER III
THEORETICAL CONSIDERATIONS

A. ASSUMPTIONS:
(1) Reaction is carried out in an isothermal batch reactor
(2) Particles absorb radicals from the aqueous phase at a
rate proportional to their surface area.
(3) Radical desorption from the polymer particles is
possible.
(4) There is no particle breakage or coalescence among
particles.
(5) Termination reaction between two radicals occurs
instantaneously.
(6) Monomer and Polymer are mutually soluble.
(7) Monomer concentration in the polymer particles remains
constant.
The development which follows will make use of
the Smith-Ewart theory of free radical poymerization
and can be expressed as follow:

INITIATION:

I

> 2R.

R. + M

> Mi

PROPAGATION:

Mn. + M

> Mn+l

CHAIN TRANSFER:

Mn. + X

> Pn + X.

TERMINATION:

Mn. + Mm.
8

> Pn+m

where I represents the initiator, R. are the primary
radicals, M is the monomer, Mn. are the polymer radicals of
length n, X is the chain transfer agent, and Pn is the dead
polymer chains. The chain transfer agents could be anywhere
from monomer, polymer or regulating agents.
The latex system of emulsion polymerization is heterogeneous in nature and therefore even a preliminary model
require assumptions as mentioned above. Most of these results from the application of Smith-Ewart case II and Harkins' mechanism to describe the process.

B. DEFINITIONS:
With the assumption of no particle containing more than a
single free radical, particle size distribution and frequen3
cy function, N (r ,t), are described as follow:
3
(1) NUMBER DENSITY, N '(r ,t)
To predict the particle size distribution in continuous
3
emulsion polymerization, N '(r ,t) is defined as the
number density of polymer particles with i free radi3
cals. The units of N '(r ,t) is (moles of particles)/
3 i
(liter of water)(cm )

X

3
3
N '(r ,t) d(r ) = Total number of polymer particles
i
between sizes X and Y which contain
i radicals.

9

(1)

3
(2)TOTAL NUMBER DENSITY N'(r ,t)
The assumption of instantaneous termination within
polymer particles stipulates that only N ' and N ' type
0
1
particles exists in the system.

(3) The concentration of total polymer particles, N ',
t
(moles of particles)/(liter of water), is defined as,

(4) Due to consideration of size distribution, one has to
define total surface area of polymer particles per
liter of water as,

23
Where N
is the Avagadros number = 6.023 x 10
ay.
(5) The total area of the micelles plus the polymer
2
particles (per liter of water), A '(cm /liter of water),
is given by,
2
A ' = 4 j) r N .m + A '
m av
10

(5)

Where,
m = concentration of micelles, (moles)/(1-water)
r = radius of the micelle (cm)
It is found that as long as micelles remain in the
system, the total surface area must be constant and
equal to that given by the initial micelle surface.
Thus,
A

'

=

s

2
4 rNm+A'
m ay. o

(6)

Where, m is the initial concentration of micelles,
0

(moles)/(liter of water).

(C) MODEL DEVELOPMENT

The development which follows makes use of standard
reaction mechanisms of free radical polymerization.

Be-

fore setting up the population balance for an isothermal,
batch reactor, one should be familiar with the volumetric
growth rate of polymer particles, free radical absorption
rate and free radical desorption rate.

(1) The rate of volumetric growth of polymer particles,
3
d(r )/dt :

The polymer particle volumetric growth rate has been
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developed by Gardon [6] as :
3
d(r )/dt

= K

(7)

3
Where, K = (3/4 fl ) (K /N )(dm/dp)[0/(1-p)] x 10
p av
(8)
and i = number of radicals in a growing particle.

Here K is the propagation rate constant, d and d are
the densities of monomer and polymer,

is the volume
3
fraction monomer in the particles, and 10 is simply
3
the conversion factor between cm and liters (required
when K is expressed in liters and r in cm). The unit
p
of K is (l/hr).
In this model, i is only 0 and 1. Therefore, the
volumetric growth rate of No' type particles, called
dead polymer particles becomes zero. And the volumetric growth rate of N ' type particles, called growing
1
polymer particles, becomes K.
3
Hence, the rate at which particles grow past size r ,
may be written as :
3
3
3
3
H(r ,t) = N '(r ,t) d(r )/dt = KN '(r ,t)
1
1
(9)
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(2) The rate of polymer particle absorption of a free
radical from the aqueous phase, E :
Owing to the fact that the rate of the radical capture
of the polymer particles is proportional to the fraction of the total surface area represented by a given
particle type [15), the rate at which N ' type partic1
les shifts population due to the absorbance of a free
radical from the aqueous phase in size range x to y is :

The rate at which N type particles shift a balance due
0

to absorbance of a free radicals from the aqueous phase
in size range X to Y is :

Where,
R is taken to be the total rate of free radical generation in the aqueous phase (moles/1-hr).

ie.: The for-

mation rate of initiator radicals.
Taking R = 2fK I = 2fk I Exp(-K g)
d o
d

(12)

Where, I is the initiator concentration in the water
phase, k is the decomposition rate constant, and f is
13

the radical efficiency factor which is assumed to be
unity in our case.

(3)

The rate of radical desorption from polymer particles:
Referring to the radical desorption mechanism, early
investigators [2] suggested that the radical desorption rate is inversely proportional to the particles
radius. According to the diffusion theory, researchers
[16, 17, 18] recently have found that radical desorption rate should be inversely proportional to the
surface area of polymer particles. Considering the later
concept into the present model development, the radical
desorption rate, K , is defined as :
f

K = ( D /r )

(13)

Where,
2
D is the pseudo-desorption coefficient, (cm /hr)
0

Hence, the rate at which N ' type particles shift
1
population due to desorption of a free radical in size
ranae X to Y is :

The rate at which N ' type particles shift population
0

due to desorption coefficient of a free radical in size
range X to Y is :

(4) The population balance equation :
_
Rate

of change in

Rate at which

Rate at which

the number of active

particles grow

particles grow

particles in the

into size range

out of size

range X to Y

X to Y

1

'range at Y

Rate at which growing

Rate at which growing

polymer particles shift

polymer particles shift

population due to
+

population due to
+

absorbance of a free

desorption of a free

radical from the

radical in the size

aqueous
phase

range X to Y
_

Substituting respective nomenclature from equations (9)
(10) and (14), for particles containing one radical,
3
N '(r ,t), this balance becomes,
1

From equation (9) we know by definition,

15

Substituting equations (10), (14), (17) into eqn. (16), then,
Eqn. (16) becomes,

Since the integrand vanishes for an arbitrary size
interval (x,y), it must be identically zero, leading to,

A similar analysis for the dead polymer particles leads to :

16

Since dead polymer particles can not grow until they become
3
active, partial derivative with respect to (r ) vanishes in
the above equation. Implicit in the active particle
relationship is the assumption that the volume fraction of
monomer 0 is not a function of particle size in the range of
interest [6].

(5) The dimensionless forms of the population balance
equations :
It is really important to present population balance
equation in dimensionless form before proceeding with
the rest of the analysis. Thus equations (19) and
(20) are now expressed in dimensionless forms and rearranged as equations (21) and (22), respectively.

All the dimensionless groups presented in the equations
N , etc., are defined in
\ 1
Table I and the detailed calculations are presented in
(21) and (22) , such as

Appendix I.
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TABLE - I
The Dimensionless Groups in The Population
Balance equation

3
rm Ni'
dimensionless particle number density

Ni
0

As'
= dimensionless total surface area

As =
4 r 2N m
m ay. o

= dimensionless particle radius
rut
3
R rm
K m
=

radical absorption rate
particle growth rate

0

rm Do

radical desorption rate

=
particle growth rate
3
space velocity

rm
=

K 0

particle growth rate

19

CHAPTER IV
EXPERIMENTAL
[A] Raw Materials:
Stabilized Styrene, lot # 544633, manufactured by J.T.
Baker Chemical Company, New Jersey, was used through out the
study. The styrene monomer was distilled from extra pure
grade reagent under a reduced pressure of 30 mmHg. Although
Styrene contains a stabilizer, it polymerizes on exposure to
light. Therefore it was always stored in a cool ( 10-15 C )
dark area. It has a molecular weight of 104.15.
The emulsifier used was Dodecyl Sulfate, Sodium Salt
(Lot # 1804 CM) manufactured by Aldrich Chemical Company,
Wisconsin. It has a melting point of 204-207 F & is very
irritant with a formula weight of 288.36.
Potassium Persulfate was used as an initiator. It was
99% A.C.S. grade reagent, (lot # 0315HJ) supplied by Aldrich
Chemical Company & decomposes above 100 C. It is a very
strong oxidant & a severe irritant with a formula weight of
207.33
Vinyl Acetate monomer with 5-10 ppm of Hydroquinone as
inhibitor, lot # A13A, was supplied by Eastman Kodak
Company of New York & was used without further purification.
Vinyl Acetate monomer is an extremely flammable liquid & may
form expolsive peroxides. Therefore care was taken in handling & was always kept away from heat, sparks & open flame
& was stored in cool, dark areas. It has a molecular weight
20

0
of 86.09 & a boiling range of 2 C including 72 C.
Deionized water supplied in the laboratory was used
without further treatment.

[B]Reactor System:
Emulsion polymerization was carried out in a glass
reactor which was a cylindrical glass vessel with a dished
bottom, equipped with a four-bladed turbine type impeller,
four baffle plates, thermometer, condenser & a nitrogen
inlet. The reactor system was blanketed with nitrogen
throughout the experimentation to prevent oxygen retardation.
[C] Procedure:
The procedure for all experimental trials were same.
Polymerization was carried out under the conditions presented in Table II.
Polymerization were started by the following procedure:
The reactor was charged with deionized water and the
desired levels of emulsifier were added. After stirring to
dissolve the emulsifier, monomer (Styrene or Vinyl Acetate)
was added and the system was thoroughly purged with nitrogen
while the reaction mixture was heated to the desired temperature.

During this time the desired amount of initiator

was dissolved in 25 grams of water and heated to the reaction temperature. After the reactor temperature had stabi21

lized at the desired level (usually 1/2 hour),an initial
sample was taken out and the initiator solution was added.
A 5-30 minute induction time was noted at the start of the
most polymerizations, the length depending upon the temperature and the intensity of the nitrogen purge. The length of
the induction period did not noticeably affect the subsequent reaction rates. Ten millimeters samples of the reaction mixture were removed at regular intervals through out
the reaction in order to find the conversion. The tempera0
ture in the reactor was maintained at the desired level of 50 C
3

within the range of + 0.5 C, using an automatic temperature
controller by Therm-O-Watch Inc., Penssylvania, (Model # L71100B). The stirring speed was controlled at about 190 rpm
with the aid of a constant speed control unit by Cole-Parmer
Instrument Company, Chicago, Illinois.

TABLE II
Experimental Conditions
Material

Initial Charge
Emulsifier

So

= 12.5

g/1-H20

Dodecyl

sulfate

sodium salt
Initiator

Io

= 1.25 g/1-H20

Monomer

Mo

= 180.50 g/1-H20

Potassium Persulfate
Vinyl Acetate
Styrene

23

or

[D] MEASUREMENT TECHNIQUES
Particle size & distribution can be determined by a
number of different methods. Different measurement methods
produce different results which can be correlated experimentally. The absence of particle size standards prevents any
determination of size accuracy. This is further complicated
by particles of non-spherical shape which makes the concept
of size very difficult to define.
However, for particulate materials encountered in most
industrial processes, the assumption that particles are
spheres produce quite useful results that are repeatable and
relate to important parameters of the process.
The implementation of Mie theory with Fraunhofer diffraction and 90 (right-angle or side) scatter permits the
measurement of particle sizes over the range of 0.1-1000
microns [19]. Although light scattering was used previously for particle size measurement, relatively recent
technological advances have permitted the development of
practical, precise instrumentation that provides timely
operator-independent measurements of wet or dry materials
which, as a stream or cloud of flowing particles, are illuminated by a light source.
Particle size distribution were measured with a MICROTRAC [R] Particle size Analyzer, manufactured by Leeds and
Northrup Instruments, St.Petersburg, Florida. (MICROTRAC [R]
is a registered trademark of Leeds and Northrup Co., North
Wales, PA).
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[E] THEORETICAL CONSIDERATION
(1) MIE SCATTERING: Interference and reduced intensity are
caused due to scattering from different portions of a single
particle which is out of phase as particle size increases
from 1/10 to 10 times the wavelength of the incident light.
Greater intensity of scattered light at low angles are
caused because of the smaller scattering angles of small
phase differences. (Shown schematically in Fig.2)
The greatest intensity (most scattering) is in the forward direction and an angular distribution of scattered
light is obtained depending on refrative index and particle
size. Thus, light colletion in a plane intersecting the
forward scattered light is sufficiently intense and contains
appropriate information for the determination of particle
size. For particle sizes approahing the wavelength of the
incident light (0.63 microns for He-Ne laser), and to account for the effects of refrative index, rigorous Mie
theory computation [19] must be employed.

(2) FRAUNHOFER DIFFRACTION: A special case of Mie scattering theory, Fraunhofer diffraction, is considered when it
comes to particles having a diameter much larger than the
wavelength of light. (For details refer reference # 18).
This theory explains that the intensity of light scattered
by particles is proportional to particle size, and the size
of the diffraction pattern (scattering angle) is inversely
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proportional to particle size.
Very close to the center of the pattern, the magnitude
of the light intensity is proportional to the fourth power
of the particle diameter, and because of such high intensity, is blocked.

Smaller particles scatters a small, defi-

nite amount of light through a fixed, but larger angle.
Conversely, the larger particles scatters a greater amount
of light, but through a smaller angle. For a single particle, the intensity distribution, I(w), of the Fraunhofer
diffraction pattern is given by the Airy equation:
')._
I(w) = Ek x 4

(kxw)
kxw

where

E = Flux per unit area of the incident beam
k = 277,
•

w = sin 0

J = First order Bessel function of first kind
1
x = Dimensionless parameter = tad
d = Particle diameter
= Wavelength of the incident beam

(3) SIDE (90 ) SCATTERING:

By measuring 90 scatter at

three different wavelengths and two planes of polarization
of each wavelength, particles of sizes smaller than 0.5
microns can be determined. Because of the wide angular
distribution, the forward scattered light flux is difficult
to collect with a conventional optical system and therefore
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forward scatter is limited to about 0.5 microns.
Measurements of particle size at 90 are practical,
because of the effect of the polarized light on scattering
intensity. Scattering from particles illuminated by light
polarized in one plane has a different intensity profile
than that of light polarized in the orthogonal plane.

(4) PRINCIPLES OF OPERATION OF MICROTRAC ANALYZER:
Standard range analyzer (catalog # 7995-12) was used
which measures particles over a range of 1.6-300 microns.
Since the wavelength of helium-neon laser is 0.63 microns
and the particle size of interest is much larger than the
wavelength, Fraunhofer diffraction is employed as the scattering theory.
The liquid sample handling system pumps water, or other
suitable liquid, from the reservoir through tubing to the
bottom of the sample cell, which is located in the optics
module. The liquid exits from the top of the sample cell
and returns through tubing and a nozzle to the reservoir.
(Shown schematically in Fig.3)
To promote swirling and mixing, the nozzle is positioned at an angle, and the reservoir is inclined and specially contoured. Sample is added to the reservoir which
mixes with the recirculating liquid, so that a stream of
well dispersed particles passes continuously through the
transperent sample cell for analysis.
As shown in Fig. 4, light is scattered in the forward
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direction by a cloud of particles, giving rise to a "combined" diffraction pattern that is collected and focused by
a lens onto a Compumask [TM]. The Compumask TM contains a
rotating disk that seperates the pattern into 13 distinct
zones or channel sizes by means of the 13 masks.

Light

passes through each of the 13 masks sequentially, while the
intensity is measured by a photodetector which transmits the
signal to a microprocessor for storage. At the completion
of each measurement cycle (nominally 100 seconds), appropriate computations are completed for reporting the particle
size distribution. Another schematic drawing for the components of microtrac is shown in Fig. 5.
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CHAPTER V
STYRENE POLYMERIZATION
[A] Experimental Conditions Physical Constants
The polymerization conditions and physical constants in
batch emulsion plymerization of styrene used for the calculation of our model are mostly based on Nomura's work [20].
Values of rate constants for initiator decomposition and
polymer propagation were determined from the published values according to Kolthoff and Miller [21] and Matheson et
al [22]., respectively.
-3
K = 3.64 x 10
d

At 50 C,

4.36 x 10

-1
hour
liter/gmole hr.

The appropriate activation energy were taken to as 33.5 and
7.78 Kcal/gmole for initiator decomposition and polymer
propagation, respectively.
Among the polymeriation studies of styrene, some of the
works neglected the radical desorption mechanism, but some of
the works emphasized the importance of the radical desorption mechanism. From all these research works it has been
found that the radical desorption mechanism may be significant or not depends on the polymerization conditions.
In the present work, the assumption of possible radical
desorption from the polymer particles is made which leads to
-11
3
(Cm /hr) for styrene [23].
the use of D = 3.0 x 10
0
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The other constants and physical properties used are
listed in Table III.
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Table III

Experimental Conditions and Physical Constants In
Batch Emulsion Polymerization of Styrene

T

=

0
50 C

[M ] =
P

5.48 (mole/liter)

[I ] =
f

4.6296 x 10 3 (mole/liter-water)

[14 ]

=

4.8077 (mole/liter-water)

[S ] =
f

0.0434 (mole/liter-water)

f

K
P

=

5
4.36 x 10 (liter/mole-hr)

K
d

=

-1
-3
3.64 x 10 (hr )

K
df

=

-1
-3
2.394 x 10 (hr )

a

=

-15
2
(cm /molecule)
3.5 x 10

d
=
P
d
=
m
Om

=

3
1.05 (gm/cm )

[26]

3
0.88 (gm/cm )

[26]

0.6

[27]

0.4

[28]
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[B] RESULTS AND DISCUSSION FOR STYRENE POLYMERIZATION
(1) Particle Size Distribution:
Fig. 6 shows the theoretical relationship between
the absolute particle size distribution and reaction time.
It is found that particle size distribution curve will
become wider and shift into larger particle size region at
longer mean residence time. Thus it can be predicted that
as the reaction time increases, the growth of the polymer
particles increases.
Fig. 7 shows the relationship between the absolute
particle size distribution and the emulsifier concentration
obtained from the present model. The height of the particle
size distribution curves become higher as the concentration
of the emulsifier is increased, although the nature of the
distribution remains same. This could be interpreted as that
the concentration of the emulsifier in the feed does not
affect the polydispersity of radius, which is normally used
to define the breadth of the distribution.
Fig. 8 shows the anticipated particle volume distribution for polystyrene laticees at 50 C obtained by changes in
the initiator concentration when all the other controlling
variables are held constant (See Table II for the recipe).
It is obvious from the curves that both the mean and standard deviations decreases as the initiator level is increased. Since the total volume of the polymer particles
must be same for all the distributions, this behaviour is as
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expected by Sundberg. ( Seen here as the same total area
under the curves ). and at the same time there should be
more particles present at higher initiator concentrations.
It should be noted that the effect of initiator level has
great influence on small particles as can be seen by the
skewness of the curves in lower region of distribution.
This is seen to be the case for all conditions employing the
standard batch reactor.
Fig. 9 is the distribution of experimentally measured
particle size distribution obtained by the present work. The
data are tabulated in Table IV. These data are for polys4.0

tyrene latices polymerized at 50 C and shows the results of
various levels of initiator. One should note that the
results are qualitatively the same as those predicted and
shown in Fig. 8. The agreement between the predicted and
experimentally obtained data are quite good and both shows
that the distribution becomes narrower as the level of
initiator is increased in the base recipe of Table II.
Fig. 10 shows the relationship between the absolute
particle size distribution at different reaction time and
the data are presented in Table V. The nature of the curve
resembles to that predicted by Fig. 6 giving a justification
to the present model.
(2) Conversion:
Fig. 11 shows the conversion X versus reaction time
relationship. The dotted line is the predicted course of
conversion by the present model and is in good agreement
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with the experimental data obtained by us as well as those
obtained by Bryers [24]. The data from the present work are
tabulated in Table VI.
(3) Total Concentration of Polymer Particles:
The effect of initiator level on total concentration of
poymer particles becomes insignificant at longer reaction
time but more significant at shorter reaction time. This is
represented in Fig. 12. It is found that the controlling
factor of polymer particle nucleation is the concentration
of the micelles left in the system. Therefore at shorter
reaction time particle nucleation is limited by the radical
initiation and higher level of initiator generates more
polymer particles at shorter reaction time.
Fig. 13 shows the effects of the levels of emulsifier
[S ] on the total concentration of polymer particle versus
f
reaction time. As shown, total concentration of polymer
particles will increase with increase in the emulsifier
concentration since larger total surface area can generate
more polymer particles.
[C] CONCLUSION
The population balance approach used to provide
quantitative analysis for predicting the particle size
distribution in the batch emulsion polymerization was
developed and solved analytically as well as some
experimental datas were also presented to justify the
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present model.
The particle size distribution calculated on the basis
of Harkin's mechanism of emulsion polymerization are in
acceptable agreement with the experimental results. These
solutions apply strictly to zero-one radical systems only.
(1) Polymer particle size distribution curves shrinks
towards smaller particle size region at shorter
reaction time.
(2) The effect of emulsifier and initiator levels on the
particle size distribution are rather insignificant
with later being more significant.
(3) With increasing level of emulsifier, the total
polymer particles concentration increases.
(4) In contrast to effect of level of emulsifier on total
polymer particles concentration, the level of initiator on the total polymer particles concentration has
insignificant effect especially at longer reaction
time.
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TABLE IV

Experimental Data for Effects of levels of Initiator
on Particle Size Distribution for Polystyrene

Particle Size

Curve 1

Curve 2

Curve 3

0.8

17

23

29

1.5

30

37

62

3.0

38

48

76

4.2

43

57

70

6.0

49

55

58

10.6

47

37

21

13.0

34

22

3

20.2

9

0

0
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TABLE V
Experimental Data for Particle Size Distribution in
Emulsion Polymerization of Styrene

Particle Size ( A)

Curve 1

Curve 2

0.1

21

16

0.3

36

24

0.5

51

32

1.5

73

47

2.0

88

52

3.0

99

60

4.2

72

66

5.0

52

68

6.5

31

62

10.6

8

47

21.3

0

6
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TABLE VI
Experimental Data for Conversion as a function of
Time in Emulsion Polymerization of Styrene

Time (Hours)

% Conversion

0.75

8.2

1.25

18.6

2.5

43.0

3.0

56.3

3.5

63.7

4.0

66.9

5.0

70.8

5.5

71.5

6.0

71.6
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CHAPTER VI
VINYL ACETATE POLYMERIZATION
It has been cited in various literatures that vinyl
acetate does not follow the classical Smith-Ewart theory of
emulsion polymerization kinetics and exhibits constant rate
behaviour far beyond the disappearence of the seperate monomer phase [25].

It is believed that this is due partly to

the high transfer constant of monomer in vinyl acetate
polymerization and partly to the relatively high solubility
of vinyl acetate in water.

In this model, we include a

mechanism allowing radicals to escape from polymer particles
[25, 26, 27, 28]. Low concentration of radicals per polymer
particles is usually observed in vinyl acetate emulsion
polymerization and it is this reason that calls for the
mechanism of allowing radicals to escape from polymer particles.
The effect of radical desorption from polymer particles
on the particle size distribution, conversion and total
concentration of polymer particles will be discussed through
the model proposed as well as some experimental data will
also be presented to justify the model.

Effect of initial

initiator concentration on the course of polymerization as
well as that of the emulsifier concentration is also
studied.
[A] Experimental Conditions and Physical Constants
The polymerization conditions and physical constants in
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batch emulsion polymerization of vinyl acetate monomer used
for the calculation of our model are mostly based on Lin's
work [29] and are given in Table VII.
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TABLE VII

Experimental Conditions [29] and Physical Constants
in Batch Emulsion Polymerization of Vinyl Acetate

50 C
[M ] =

8.95 ( mole/liter of water )

[I ] =
f

2.037 X 10-3

[M
f

2.667 ( mole/1-water )

[S ] =
f

0.01736 ( mole/1-water )

( mole/1-water )

•

-7
1.188 X 10 ( 1/mole-hr. )

•

-3
3.64 X 10
( hr 1 )

•

-3
2.394 X 10 ( hr 1 )

=

2
3.5 X 10-5 ( Cm /molecule)

•

3
1.19 ( g/ Cm )

•

3
0.9335 ( g/Cm )

•

0.8248

•

1.0

d
df
a

m
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[B] RESULTS AND DISCUSSION FOR VINYL ACETATE POLYMERIZATION
(1) Particle Size Distribution
The effect of free radical desorption on the particle size distribution at a fixed time is shown in Fig.
14. One could see the difference between the two particle
size distribution curves the one with free radical desorption and the other without radical desorption. The free
radicals which are once trapped inside the polymer particles
escape back into the water phase due to the radical desorption. The free radicals inside the polymer particles are
easier to escape from the group of smaller polymer particles, owing to the fact that the free radical desorption is
inversely proportional to the surface area of polymer particles [17]. Because of this reason, the effect of the desorption is very pronounced for the smaller size polymer particles. Therefore on occurence of radical desorption from
polymer particles will depress the growth of polymer particles and, in turn broaden the polymer particle size distribution.
Fig. 15 shows the experimentally obtained data which
are listed in Table VIII. These are for vinyl acetate polymerization at 50 C and shows good agreement with the predicted distribution when desorption coefficient is taken into
consideration.
Fig. 16 is the plot of the particle size distribution
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for different reaction times at a fixed value of radical
-7
2
( Cm /hr). This is in
desorption coefficient of 0.19 X 10
confirmation with that predicted by the early investigators
[29], with shorter reaction time yielding products of more
smaller polymer particles and fewer larger polymer particles. It is also seen that the polymer particles grows into
larger sizes and broaden the particle size distributions.
Fig.17 represents the experimentally determined distribution at different reaction time. These data which are
tabulated in Table IX, justify the predicted results presented in Fig. 16 by the present model.
Fig. 18 shows the effect of the level of emulsifier on
the particle size distribution with radical desorption.

It

is found that as the level of emulsifier is increased, more
micelles are formed for radical capture, which in turn
produces more polymer particles in the system. But in the
present system of vinyl acetate polymerization, the ratio of
concentration of free radicals to micelles become smaller,
so that the growth of polymer particles will be depressed
and the system will produce more small particles.
Fig. 19 shows the same relationship as that shown in
Fig. 18. The data are tabulated in Table X and is the experimental presentation and the nature of curves remains same
as well as is in good agreement with those predicted by the
present model. At the begining of the polymerization process, the detergent functions as a solubilizer of the slightly water- soluble monomer. The emulsifier micelles acts
as a monomer reservoirs for the propagation in the water
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layer where the polymerization is initiated by the free
radicals. The effect of the emulsifier on the number of
polymer particles will be more noticeable at, and more
pronounced above, the critical micelle concentration because
of an increase in monomer concentration in the water layer
by solubilization.
Fig. 20 shows the effect of the level of initiator on
the particle size distribution. More free radicls will be
generated in the system to contribute to the radical
absorbtion of the polymer particles due to increase in the
concentration of initiator , which eventually increases the
growth rate of polymer particles.

(2) The Concentration of Total Polymer Particles

The effect of radical desorption on the concentration of total polymer particles is represented in Fig. 21.
When the radical desorption is taken into consideration,
there is an increase in the total concentration of polymer
particles because the decrease in the total surface area of
total polymer particles due to the free radical desorption
from polymer particles will cause more micelle formed in the
system to generate more polymer particles. This has also
been observed by the early invesigators while working with a
continuous stirred tank reactor [30).
Effect of the concentration of emulsifier on the total
concentration of polymer particles is shown in Fig.22. These
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results are in synonum to those shown in Fig. 18. The concentration of total polymer particles increases with the increasing levels of emulsifier because of the fact that more
micelle are generated which in turn are available for
capturing free radicals to generate new poylmer particles.
The effect of the level of inititor on the
concentration of total polymer particles behaves in a little
complex manner. This could be explained from Fig. 23 where
the effect of various levels of initiator is shown on concentration of total polymer particles. It is found that at
shorter reaction time, there is an increase in total
concentration of polymer particles with increase in
initiator concentration but the trend reverses for higher
reaction time. This is due to the fact that at shorter
reaction time, particle nucleation is limited by free
radical initiation, and therefore higher concentration of
initiators can generate more polymer particles. On the
contrary, during higher reaction time, the controlling step
of polymer particles nucleation will be the concentration of
micelles left in the system.
[C] CONCLUSION
The effect of radical desorption in batch emulsion
polymerization of Vinyl acetate was studied through the
model proposed. The main shortcoming of all recent reaction
models proposed for the emulsion polymerization of Vinyl
acetate has been their failure to account for the changes in
the dependence of the particle number with changes in the
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initiator concentration and ionic strength. These changing
dependence of the particle number on the initiator level may
be the cause of the wide variations in the reaction rate
order with respect to the initiator level reported by other
investigators.
The results of this investigation reveals that for
systems where the initiator is salt added to the reactor,
the particle number increases with increasing initiator
concentration at low initiator levels, and increases again
at high initiator levels.
The radical desorption from polymer particle deperesses
the growth rate of polymer particles and, in turn, broadens
the particle size distribution in which the system produces
more small poymer particles.
It is also found that the concentration of total polymer
particles will increase with the occurence of the radical
desorption and it's effect is more important at the smaller
particle sizes.
While the population balance model described in the
present work does an adequate job of predicting the
poarticle number within the ranges of the reaction variables
used in this study, it's extension beyond these ranges is
questionable.
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TABLE VIII
Experimental Data for Particle Size Distribution in
Emulsion Polymerization of Vinyl Acetate

Particle Size ( A)

Curve 1

0.3

69

0.5

73

1.5

62

3.0

67

6.5

56

7.5

42

9.2

51

11.5

53

15.0

61

18.5

42

21.3

7

47

TABLE IX
Experimental Data for Particle Size Distribution
at Various Reaction Time in Emulsion Polymerization
of Vinyl Acetate

Particle Size ( A)

Curve 1

Curve 2

0.1

66

45

0.3

68

48

3.0

56

44

7.5

40

53

10.5

47

60

11.5

42

59

13.2

46

55

15.0

45

57

16.5

29

58

18.5

12

47

21.3

0

23
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TABLE X
Experimental Data for Effect of emulsifier on Particle
Size Distribution for Poly Vinyl Acetate

Particle Size ( "A)

Curve 1

Curve 2

0.1

97

56

0.3

102

51

3.0

90

43

7.5

84

44

10.5

77

48

11.5

67

45

13.2

67

42

15.0

54

29

16.5

42

23

18.5

24

3

21.3

2

0
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APPENDIX - I

Detailed Solution of Population Balance Equation

Substituting eqn. (ii) into eqn. (i), results as:

Integrating eqn. (iii), yields,

Figure 2_STANDARD PANGE ANALYZER — PARTICLE MEASURING SYSTEM

Poure 3 SAMPLING SYSTEM FLOW DIA,GPAM

Figure y

('omponenN 1f Mit 10 )1 RA( .t.indold 1.1141c part1.1.: .1/4: Jrt41 Itf

Figure

5

Angular diNtrihution of light Ncattered from a ,Ingle particle. The length of the

artov. corre,pond to the inten,11) of light in that direction

Fig. (12) Effect of levels of Initiator
on Total Concentration of Polymer
Particles ( I : Conc. of Initiator
in Table III ) for Polystyrene

Fig, (13)

Effect of levels of emulsifier on
Total Concentration of Polymer
Particles ( S - Concentration
of Emulsifier in Table III )

Fig. (14) Effect of radical desorption on particle
size distribution ( Time

3 Hours ) for
Poly Vinyl Acetate

Fig. (15) Absolute Particle size Distribution
( Experimental Results )
for Poly Vinyl Acetate

Fig. (16)

Particle Size Distribution at Various
Reaction Time for Poly Vinyl Acetate

Fig. (17) Particle Size Distribution at Various
Reaction Time ( Experimental Results )

Fig. (18)

Effect of levels of emulsifier on Particle
Size Distributior for Poly Vinyl Acetate

Fig. (19)

Effect of levels of emulsifier on Particle
Size Distribution ( Experimental Data
for Poly Vinyl Acetate

)

Fig. (20) Effect of levels of initiator with radical
Desorption on Particle Size Distribution
for Poly Vinyl Acetate

Fig. (21) Effect of Radical Desorption on
Total Concentration of Polymer Particles
for Poly Vinyl Acetate
Do ( Cm2/ Hr. )
CURVES
1.

0.0

2.

0.19 X 10-7

Fig. (22) Effect of levels of emulsifier on Total
Concentration of polymer particles
for Poly Vinyl Acetate

Fig. (23) Effect of level of Initiator on
Total Concentration of Polymer
Particles for Poly Vinyl Acetate
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NOTATION

a

2
: Area occupied by single emulsifier molecule (cm /
molecule)

a

: Dimensionless total surface area of polymer
particles

a

a

: Dimensional total surface area of polymer particles
2
( cm /1-H 0)
2
: Dimensionless total surface area of micelles plus
particles

CMC : Critical micelle concentration (mole/1-H 0)
2
Do : Pseudo- desorption-coefficent
f

: Efficiency of initiator

[I : initiator concentration in feed (mole/1-H 0)
f
2 -1
k
: Rate constant of initiator decomposition (hr )
d
k
df
k

: Rate of radical desorption from polymer particle
-1
(hr )
: Rate constant of propagation (l/mole-hr)

[M ] : Monomer concentration in feed (mole/1-H 0)
f
2
[M ] : Monomer concentration in polymer particle (mole/1P
H 0)
2
m
o

N
av

: Initiator concentration of micelles (mole/1-H 0)
2
: Avogardro's number

N

: Dimensionless number density of polymer particles
with i free radicals

Ni : Dimensional number density of polymer particles with
3
i free radicals (mole/1-H 0.cm )
2
N

: Total number density of polymer particles (moles/13
H O.Cm )
2

N
t

: Concentration of total polymer particles (moles/1-

N
tf
n

H 0)
2
: Concentration of total polymer particles in feed
(mole/1-H 0)
2
: The fraction of active polymer particles at a given
size

R
✓

: Formation rate of initiator radical (mole/hr.l-H 0)
2
: Radius of polymer particles (cm)

✓

: Radius of micelle (cm)

[Sf] : Emulsifier concentration in feed (mole/1-H20)
T

: Temperature in the reactor ( C )

X

: Conversion
: Reaction time (hr)

d
d
p

3
: Density of monomer (g/cm )
3
: Density of polymer (g/cm )
: Volume fraction of monomer in polymer particle
: Surface affinity factor to account for the relative
ease of radical entry into micelles versus polymer
particles.
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